The improvement of reactor performance is being continuously studied and discussed. One of the most common phenomena is short-circuiting of reactor analysis. It is very difficult to compare the degree of short-circuiting from hydraulic indexes in reality. Mixing is one of the key mechanisms; accordingly it is possible to apply mixing indexes to compare the level of short-circuiting.
INTRODUCTION
There is an increasing need of reactor design to accomplish various physical, chemical and biological functions for biotech, biological, environmental and other purposes. Shortcircuiting is a complicated phenomenon: it has large effects on reactor performance and it is one of the greatest hindrances to a successful design (Persson ) . Not only resulting in dead zones (Metcalf & Eddy Inc. ) but also reducing proposed functions (Dierberg et al. ) , it is the key factor to cause poor hydraulic efficiency (Singh et al. ) . 
; Zhang et al. b).
At present, many mixing indexes have been developed and proposed. Theoretically each index could offer certain useful information to describe short-circuiting. Unfortunately, all the indexes show puzzling conclusions and difficult comparisons (Teixeira & Siqueira ) even by the same index. The difficulty comes mostly from the index itself; it is not suitable to compare indexes if they are of different 'reactor types'. Therefore, this study is to identify the reactor type with the differentiation criteria and to develop a method in order to promote the mathematical comparison of the indexes. Accordingly, the primary objective of this study was to invent a simple and rational method to evaluate and to compare the short-circuiting by mixing indexes.
METHODS
The methodology is illustrated in Figure 1 Table 1. This study used the HRP and CSTR to discuss the degree of short-circuiting from the aspect of mixing and to establish the assessment method of index performance. Eight mixing indexes according to the literature were selected. The indexes were classified into two categories depending on 
RESULTS AND DISCUSSION

Popularly used indexes
Since several mixing indexes are designed to describe the level of mixing, we could apply those results to compare the mixing simply and correctly. All the results in this category are shown in Table 2 .
The dispersion index ( The Peclet number (P e ) is calculated as the inverse of the dispersion number ( d) and its result describes the level of the mixing (Levenspiel & Smith ) . P e , which decreased with the increase of mixing, was computed as 2.33 in HRP and 1.85 in CSTR. The result showed that the mixing was stronger in CSTR than HRP. This index explained the mixing well and it is consistent with the lab observations.
For short-circuiting, the distance method concluded that Figure 6 and that the degree of short-circuiting caused by inadequate mixing in HRP was more than in CSTR.
Discussion
In this study, the definition of mixing was the flow homogeneity or the turbulent strength in the reactor, which the mixing index could describe well. On the other hand, the short-circuiting, which we defined in the introduction, was the degree of non-ideality from the ideal reactor and the short-circuiting was difficult to compare among different types of reactor by all the mixing indexes. Consequently, we would like to examine the mixing level by indexes themselves and the degree of short-circuiting by the 'distance method' to accomplish the study's purpose of shortcircuiting comparison.
Beside var and P e , there are four other mixing indexes in 
The suggested criteria were calculated by the authors. The conclusion was inconsistent with other indexes. in CSTR than HRP. But in term of short-circuiting, after applying the 'distance method', the mixing indexes of N and V e concluded the truthful result as var and P e in Figure 7 . Furthermore, ideal CSTR with huge axial dispersion makes the numerator of d close to infinity and d equal to 8, which also expands the distance incorrectly. We selected the criteria of d ¼ 0:5 (which was calculated by the authors); the 'distance method' would be accurate and consistent too as shown in Figure 8 . Consequently, after a slight modification of the suggested criteria, the 'distance method' could perform an accurate evaluation for all the mixing indexes universally.
Seldom-used indexes
Mixing dispersion indicators I and II (M I ¼ t 75 À t 25 ,
Searching through the literature, two seldom-used indexes were evaluated in Table 3 .
(I) M I could show the dispersion in cumulative RTD by the difference between the time at 25 and 75% tracer flowing out (t 25 and t 75 ) (Stamou ). Table 3 
Mathematical basis of the distance method
Although the term 'short-circuiting' has no precise technical definition, it could be defined as 'non-ideal flow' (Metcalf & Eddy Inc. ). The degree of short-circuiting could be 
General discussion
This study selected six popular mixing indexes to make comparisons, including (1) dispersion index (var), (2) Peclet 
Comparing to ideal CSTR in reality, the correct result of short-circuiting would be concluded. Finally, the RTD would be performed as a pulse curve in an ideal PFR when N approached to infinity. Thus the characteristics of the RTD curve could be connected to the N estimation. Consequently, N had a certain meaningful sense to express the mixing phenomenon between the PFR and CSTR. The lower the N number, the more mixing was in the reactor. N could explain the PFR characteristic well, conceptually, but since the small number N explained CSTR mixing well, this index had a tendency to describe CSTR better, especially in a series CSTR design.
5. V e was the inverse of MDI and was applied to calculate the volumetric efficiency of the reactor type of PFR conventionally. Because in an ideal PFR V e was equal to 1, it was recognized that 100% volume was fully used. V e had a tendency to describe how soon the tracer would flow out of the reactor. In a PFR, if there was a dead zone or axial dispersion, V e could detect and present the index value as less than 100%. It is a very simple and efficient index to detect dispersion in a PFR. On the other hand, in a CSTRtype reactor, not only an inefficient volume was used but also insufficient mixing would cause a higher V e value compared to ideal CSTR. Consequently, this index could sense and express precisely the mixing level in a CSTR reactor, especially in the comparisons of CSTR-type reactors.
6. P e could present the advection per unit of axial dispersion, which was the inverse of d. In the PFR, there was major mass transport by advection and little axial dispersion to cause an enormous index value. Since there is no axial dispersion in an ideal PFR, the P e value will be infinity. On the other hand, the strong axial dispersion in CSTR would get a very small P e value and ideal CSTR would be zero.
Moreover, according to the dispersion value, if there was a small dispersion in the reactor P e was approximately equivalent to 2N. If there was large dispersion in the reactor with closed boundary, the relationship between P e and N could be modified as N ¼ P 2 e =½2ðP e þ e ÀPe À 1Þ. According to those two relationships, P e could apply the sense of N to evaluate the mixing degree in all types of reactor conceptually. In short, P e could be transferred to a similar sense of N.
CONCLUSIONS
Although the degree of short-circuiting among different types of reactor is very difficult to compare, this study demonstrates the unique and the innovative 'distance method' can successfully accomplish this mission. All the mixing indexes could practically describe the level of mixing in all types of reactors except the seldom-used indexes (M I , M II ). With the identification of the reactor nature and type to ideal reactors, the 'distance method' was the key to solve the comparison difficulty in which all the mixing indexes met. According to
